TWO MAIN THEORIES have been proposed to explain the nature of the process that governs the occurrence of rapid eye movement (REM) sleep. According to the oscillatory hypothesis, 1 REM sleep is an expression during sleep of the rhythm of an oscillator, the basic rest-activity cycle (BRAC), that operates continously during both wakefulness and sleep. According to the sleep-dependent hypothesis, 2 each bout of REM sleep is triggered by the occurrence of the bout of non-REM (NREM) sleep that precedes it.
of the next REM episode. Consistent with this hypothesis, they found that the duration of REM sleep episodes in rats were positively correlated with the duration of subsequent NREM sleep episodes. A limitation of this type of analysis in humans is that normally only four or five NREM-REM cycles occur each night.
A previously published study 5 in which we had allowed individuals to sleep ad libitum for 14 hours every night for 4 weeks seemed particularly well-suited to test Benington and Heller's hypothesis in humans, because it provided us with a data base with a high number of sleep cycles per night and a large number of nights per individual.
METHOD
The analysis was carried out on 308 sleep records of 11 healthy male volunteers, age 20-34 years, who participated in an experiment that was designed to investigate the effects of alterations in duration of the photoperiod (the illuminated fraction of the day) on sleep and endocrine systems. 5 The subjects lived for 4 weeks in a winter-type photoperiod in which they went about their usual activities in ambient natural and artificial light for 10 hours (08:00 -18:00) each day and were confined to a dark room for 14 hours (18:00 -08:00) each night.
The subjects were instructed to remain at bedrest and to sleep whenever possible during the dark period. Polysomnographic sleep was monitored with a Grass 78 D polygraph. The sleep stages were visually scored according to the criteria of Rechtschaffen and Kales. 6 Sleep onset was defined as the first minute of 3 consecutive minutes of stage 2, 3 ,4 or REM.
Since sleep was more fragmented than usual in these conditions, owing to the more frequent occurrence of spontaneous awakenings, restrictive criteria for the definition of a REM period and a NREM-REM cycle were needed. A conservative "3-minute rule" 7 was used to differentiate REM periods, according to which sequences of REM sleep were combined into one REM episode if the interval between them was less than 3 minutes.
In agreement with previous studies, 8, 9 a complete NREM-REM cycle was defined by the successive occurrence of a NREM episode and of a REM episode. The end of the cycle was defined by the occurrence of a new NREM episode or by the occurrence of wakefulness. Incomplete cycles, starting with a NREM episode but not followed by a REM episode (missed REM periods), and REM episodes not preceded by NREM episodes (REM-onset periods), were not included in the analysis of the NREM-REM cycles. No criterion for minimum duration of a NREM-REM cycle was adopted, to guarantee the inclusion in the analysis of even the shortest cycles that occurred in the extended sleep paradigm.
Pooled data relative to the first eight cycles for the eleven subjects were analyzed using "non-parametric" Spearman rank test, corrected for ties correlation coefficients (rS). A Bonferroni correction of the alpha level for the number of analyses (n=16) was adopted: alpha =0.5/16=0.0031.
Analysis of the correlation between the duration of NREM periods and the duration of following REM periods included all complete NREM-REM cycles.
Analysis of the correlation between the duration of REM periods and the duration of following NREM periods included only the NREM periods that fell between two successive REM periods. REM onset periods were also included in this analysis.
An exploratory analysis of patterns across the night of the NREM-REM cycles, NREM episodes and REM episodes was performed on the averages of the nine subjects who had available data for the eight rank cycles.
A post-hoc analysis was conducted on REM and NREM episodes that followed a sleep interruption. In order to be consistent with previous studies on the effect of awakenings on sleep cycles, 10, 11, 12 this analysis was conducted on cycles following at least 10 minutes of wakefulness (stage 0). A sleep-onset REM period (SOREM) was defined as one having a REM latency shorter than 25 minutes.
RESULTS
A total of 1676 complete NREM-REM cycles were available for the analysis. Tables 1, 2 and 3 show the data for duration of NREM-REM cycles and for their NREM and REM components for each of the eleven subjects. Mean sleep latency was 140.2 ± 67.0 min. (Fig. 1) , mean REM latency was 77.7 ± 32.4 minutes (Fig. 1) , and mean REM latency from lights off (18:00) was 218.4 ± 71.3 minutes (Fig. 1) . No statistically significant relationships between sleep latency and either REM latency or first cycle REM duration were found.
All subjects showed statistically significant differences of NREM-REM cycle durations across the night (Table 1) . Analysis for each rank cycle also showed significant differences between subjects (Table 1) .
Average profiles of NREM-REM cycles, NREM periods and REM periods are shown in Fig. 2 . NREM-REM duration decreased progressively throughout the night, mainly as a result of a progressive decrease of the NREM component. Variation of the NREM-REM cycle duration across the night was best fitted by a linear regression (y= 102.002 -5.658x), as was the case for the NREM component (y = 82.597-6.134x). REM duration showed low values in the first and last cycle, leading to a curvilinear profile, which was best fitted by a quadratic regression (y = 7.585 + 7.567x -.788x 2 ).
Analysis of the relationships between REM episode duration and previous (Fig. 3 ) and successive NREM episode durations (Fig. 4) , revealed a statistically significant relationship between REM duration and previous NREM duration only for the first cycle (Table 4 ). In contrast, a statistically significant positive correlation between REM duration and successive NREM duration was observed for three of the cycles analyzed (Table 4) .
Two hundred twenty-five REM periods followed wakefulness interruptions of at least 10 minutes. Mean REM latency for the REM periods was of 32.2±24.3 min- 
DISCUSSION
The duration of the NREM-REM cycle does not appear to be as stable as one would predict if it were driven by a regular rhythmic process. 13, 14 Several authors have reported large variability in cycle duration, [15] [16] [17] [18] and others have reported a systematic trend in cycle length across the sleep period in grouped data that would not be apparent in a single sleep period. 8 Consistent with these earlier observations, we found a high variability in the duration of the NREM-REM cycle in all our subjects, and a progressive shortening of the average duration of the cycle across the night due to a shortening of the duration of its NREM component.
A similar progressive decrease in NREM period dura- 20 In the study of Feinberg et al, NREM period durations showed a large decline between the third and fourth period and a small but also consistent fall between the fourth and fifth period. Little change occurred between the fifth and the seventh period. In the study by Dijk et al, the longest NREM sleep episodes occurred at the beginning of sleep, while the shortest ones occurred in the 7th and 10th of 10 consecutive 1.5-hour intervals into which a 15-hour extended sleep period was divided.
According to homeostatic models of sleep regulation, 21, 22, 23 the decreasing trend of NREM period duration across successive cycles, together with a similar trend for EEG delta, reflects the progressive discharge during sleep of a sleep-promoting process that increases during wakefulness. As this process is discharged, the propensity for NREM sleep and EEG delta sleep decreases, while the propensity for REM sleep and arousal increases. 24 Consistent with previous reports, 25, 26, 27 the timing of the onset of the first REM episode was not systematically related to the timing of "lights-off" or clock time, but was linked to the timing of sleep onset, occurring 60-70 minutes later. In addition, the duration of this REM episode was positively correlated with the duration of the previous NREM episode.
Several authors 21, 25, 28, 29 have suggested that factors that regulate the expression of NREM and REM components in the first sleep cycle of the night are different from those that regulate their expression in subsequent cycles. The first cycle is the one in which the largest amount of slowwave sleep (SWS) is expressed, 22, 30 and the extent to which slow-wave sleep is expressed in the NREM period of this cycle appears to play a major role in determining the timing and the intensity of expression of REM sleep in the following REM period. 31 This relationship appears to be antagonistic, 32, 33 so that when slow wave sleep propensity is high (as for example after sleep deprivation), the onset of REM sleep is delayed and its intensity is diminished. As the amount of SWS declines exponentially in NREM periods of subsequent cycles, 9,22 SWS propensity and NREM period duration seem to play a much less important role in the regulation of REM periods of these cycles.
Our data from these subsequent cycles are in accordance with the homeostatic hypothesis proposed by Benington and Heller and with their data in rats. Durations of REM sleep periods were positively correlated with the durations of NREM sleep periods that immediately followed them. Similar correlations have been reported in monkeys 34, 35 and cats. 36 These results also are consistent with an observation of Tissot that the longer a sleep stage lasts, the more time intervenes before it recurs. 37 On the other hand, our data are not in agreement with those of Hartmann, 3 who found a positive correlation in mid-sleep sleep cycles between the length of a NREM sleep period and the length of the subsequent REM period. Differences in subject characteristics (patients versus healthy volunteers), sleep schedules (conventional versus extended sleep), and type of data (single versus pooled subjects), make it difficult to compare the results of the two studies.
The positive correlations between the duration of REM sleep episodes and the duration of the following NREM sleep episodes raise a possibility, previously suggested by Feinberg 21 and Horne, 38 that REM sleep plays a role in the regulation of NREM sleep propensity. In a recent version of the two-process model of sleep regulation, Achermann et al 39 propose that process S builds up not only during waking but also at any time during sleep that slow-wave activity (SWA) is low. This refinement of the model could explain the resurgence of slow wave sleep that sometimes occurs at the end of extended sleep when, according to the original version of the homeostatic model, the need for SWA should have been completely discharged.
Because of the unusual nature of the extended sleep schedule used in this study, the results should be interpreted cautiously. They might depend, for example, on the fragmentation of sleep that occurred in these conditions, and might not pertain to sleep in other conditions in which this fragmentation did not occur. Also, the data from sleep in these conditions was unusual in that it included a substantial number of episodes of REM sleep that were followed by transitions to episodes of spontaneous wakefulness instead of transitions to episodes of NREM sleep. It is possible that the periods of wakefulness may have partly contributed to the interactions between REM and NREM sleep durations that we observed.
In this regard, in a previously published analysis of sleep 7 in eight of the eleven subjects reported here, we found that the REM sleep episodes of cycles that were interrupted by wakefulness were shorter than those that were not interrupted. The frequency of interruptions was higher in the later cycles, consistent with a progressive increase of arousal across the night.
Previous studies have shown that episodes of intermittent awakening from sleep have a significant effect on the REM sleep that occurs subsequently. 10, 11, 40, 41 REM latencies are shortened and REM durations are lengthened in the REM periods that follow such awakenings. 42 These changes have been considered to represent a rebound of REM sleep that results from REM sleep suppression that is imposed by the period of wakefulness. According to the model proposed by Benington and Heller, interruption of REM sleep by a period of wakefulness would prevent REM sleep propensity from reaching its lowest levels, so that a shorter amount of NREM sleep would be required to trigger REM sleep in the sleep which follows. Consistent with this interpretation, we found, in a post hoc analysis, that REM latency was reduced following sleep periods that were interrupted by wakefulness, with 40% of cases meeting criteria for SOREMs.
Data of Foret et al 11 are also consistent with this interpretation. They found that forced interruption of sleep shortened the inter-REM interval if the awakening occurred during an episode of REM sleep, but that it lengthened the inter-REM interval if it occurred during an episode of NREM sleep. The polyphasic sleep pattern that emerged in our subjects when they slept in extended nights seems to have allowed us to observe during spontaneous transitions to wakefulness the same effects that Foret et al demonstrated with forced awakenings.
A previous study in monkeys, 34 who regularly exhibit a polyphasic sleep pattern, has shown that the sleep cycle is driven by REM sleep. Campbell and Zulley 43 have suggested that the expression of putative non-circadian components of the human sleep-wake system may be masked by an externally imposed monophasic sleep regimen. Adults who sleep in temporal isolation or in enforced bed rest experiments, 44, 45, 46 and infants, 47 who do not yet conform to adult sleep schedules, show a clear tendency to have polyphasic patterns of sleep like those that occur in many animals. Elsewhere, 48 we have speculated that the present experiment, with its 14-hour nightly window for sleep, may provide conditions that permit a more natural pattern of human sleep to be expressed. We might also speculate that these conditions permit systems that regulate REM sleep to follow a more natural physiologic course, free of masking effects of modern sleep schedules that compress and consolidate sleep. The extended sleep schedule also may have lowered NREM sleep propensity 7, 49 and thereby reduced its influence on the expression of REM sleep, which is antagonistic, according to Borbely and Achermann. 50 Consistent with Benington and Heller's results in rats, the coefficients of the correlations between durations of REM periods and subsequent NREM periods were generally low, in some cases not surviving the conservative Bonferroni correction for statistical significance, suggesting that homeostatic mechanisms are not the only factors affecting REM sleep duration.
Another process that seems to strongly affect the regulation of REM sleep, and which might compete with the homeostatic process that we have examined in our analysis, is a circadian rhythm that regulates REM sleep propensity. Data from different sleep studies have shown that the daily peak in REM sleep propensity tends to occur on the rising slope of the body temperature circadian rhythm in the latter part of the night. 28, 51, 52, 53, 54 It could be hypothesized that REM episodes occurring in proximity to the trough of temperature curve are less sensitive to the homeostatic control. A role for circadian processes in REM sleep regulation was also suggested by results of a recent study, 55 in which we found preliminary evidence that REM sleep expression might be facilitated by the secretion of cortisol, the circadian rhythm of which reaches its peak at the end of the nightly sleep period.
In conclusion, the present results are in favor of a model of REM sleep regulation which includes more than one factor. Heightened propensity for slow-wave activity in the first NREM period may interfere with the expression of REM sleep. In subsequent cycles, REM sleep appears to regulate itself by means of a homeostatic control. In the last part of the sleep period, the circadian rhythm of REM sleep propensity seems to become the predominant influence upon its regulation.
